The crystal structure of the dimerization domain of rabies virus phosphoprotein was determined. The monomer consists of two ␣-helices that make a helical hairpin held together mainly by hydrophobic interactions. The monomer has a hydrophilic and a hydrophobic face, and in the dimer two monomers pack together through their hydrophobic surfaces. This structure is very different from the dimerization domain of the vesicular stomatitis virus phosphoprotein and also from the tetramerization domain of the Sendai virus phosphoprotein, suggesting that oligomerization is conserved but not structure.
The crystal structure of the dimerization domain of rabies virus phosphoprotein was determined. The monomer consists of two ␣-helices that make a helical hairpin held together mainly by hydrophobic interactions. The monomer has a hydrophilic and a hydrophobic face, and in the dimer two monomers pack together through their hydrophobic surfaces. This structure is very different from the dimerization domain of the vesicular stomatitis virus phosphoprotein and also from the tetramerization domain of the Sendai virus phosphoprotein, suggesting that oligomerization is conserved but not structure.
Rabies virus is a negative-strand RNA virus of the Rhabdovirus family. Its genomic RNA is encapsidated by numerous copies of the viral nucleoprotein (N) that binds to the sugar phosphate backbone of the RNA with a stoichiometry of nine nucleotides per N protomer (1) . RNA replication and transcription take place on this N-RNA template (2) and are catalyzed by the viral RNA-dependent RNA polymerase (L). L binds to the N-RNA template with the help of the polymerase cofactor, the phosphoprotein (P) (7) . The phosphoproteins of the Rhabdoviridae and of the Paramyxoviridae are oligomers (5, 8) ; P of the Rhabdoviridae (rabies virus and vesicular stomatitis virus [VSV]) form dimers (6, 9) , whereas P of the Paramyxoviridae (Sendai virus) form tetramers (21) . These phosphoproteins are modular proteins that have an N-terminal domain that keeps newly produced N (called N 0 ) in a soluble, RNAfree form, a central oligomerization domain and a C-terminal domain that binds to N-RNA. The three domains are connected by two intrinsically disordered regions (10, 13) . The atomic structures of the oligomerization domains of the phosphoproteins of VSV and Sendai virus have been determined, and it was found that these structures were quite different (6, 21) . Because the secondary structure prediction of the oligomerization domain of rabies virus P was different again from that of Sendai virus and VSV (10), we decided to determine its structure.
The sequence analysis of rabies virus P suggests that the oligomerization domain stretches from amino acid residues 92 to 131 (10) . The DNA corresponding to residues 91 to 133 was cloned into a pET22b vector and expressed in the Escherichia coli BL21 (DE3-RIL) strain as a His tag fusion protein. The protein was purified by nickel resin and size-exclusion chromatography (S75). In solution the protein behaves as a dimer with a molecular mass of 13.9 kDa (monomer, 6,501 Da) (10) . Monomers or higher-order oligomers have never been observed.
The protein was crystallized at 20°C in 50 mM sodium cacodylate (pH 6.5)-10 mM MgSO 4 plus 2 M (NH 4 ) 2 SO 4 . Diffraction data on frozen crystals were obtained on beam lines ID14-4 and BM14 (ESRF, Grenoble, France). The crystals diffracted to a 1.5-Å resolution and belong to space group I4 1 22 with one dimer in the asymmetric unit. The phases were solved by the Sulfur-MAD method (Table 1 ). Integration and scaling of the data were performed with XDS (12) . Three methionine sites were found with the automated software Auto-RickShaw (17) . An initial 2.5-Å resolution model was built, which was then used for molecular replacement with MOLREP (22) using the native data set. ARP-wARP (18) was used to add water molecules. The model was improved by hand and finally refined using REFMAC5 (16) , and the quality of the model was checked with PROCHECK (14) ( Table 1 ). (Fig. 1A) . The two helices form a rather flat surface with a charged and a hydrophobic face (Fig. 1B) . The dimer is formed by the interaction of the two hydrophobic faces, the two monomers crossing with an angle of about 46°( Fig. 2A and B) , close to the value of 50°t ypically encountered in helix-to-helix packing in globular proteins, but different from the angle of 20°observed in four-helix bundles (4) . The surface of the interface shows a conspicuous bulge next to a hydrophobic cavity (Fig. 1B) . The bulge is formed by W118 and the cavity by L97, V100, G101, and T121 (Fig. 2D) . When the two monomers lock together in the dimer, both tryptophans insert into the opposite cavities. The relative positions of W118 and the cavity contribute to or define the crossing angle. Residue W118 is deeply buried within the hydrophobic dimer interface, as shown by the large blue shift of the fluorescence emission spectrum of the dimerization domain ( max ϭ 318 nm), compared to the emission spectrum of the C-terminal domain (containing W186 and W265; maximum at 344 nm) and to that of the full-length protein (maximum at 333 nm) (Fig. 2E ). Other residues involved in the dimer interface are (chain A-chain B): M108-M108, D98-V122, I125/V122-L97, I104-F114, V129-F93/V129, and F93-V126, most of which are not involved in the intramonomer interface. The hydrogen bonds contributing to the dimer interface are (main chain interactions in italics): L97-W118, W118-L97, E123-Q94, and S119-Q94, the last two mediated by water molecules. In general, the N-terminal helix of one monomer interacts with the C-terminal helix of the other monomer (Fig. 2C) . Some of the amino acids in the hydrophobic interface were mutated to alanine, and the effects on dimerization were measured with the yeast two-hybrid system (10). Mutation to Ala of Y128 in the intramonomer interface or of different residues in the subunit interface (F114A, W118A, and I125A) led to loss of dimerization. An estimation of the contribution of each of these residues to the overall stability of the dimerization domain was obtained by using the FoldX web server (20) . The predicted free-energy difference between the mutant and the wild-type proteins (⌬⌬G) is large for each of these mutants (Y128A, 4.9 kcal mol Ϫ1 ; F114A, 10.0 kcal mol Ϫ1 ; W118A, 9.6 kcal mol Ϫ1 ; and I125A, 6.3 kcal mol Ϫ1 ). The Y129A mutation also in the dimerization interface reduced but did not eliminate dimerization (calculated ⌬⌬G of 4.1 kcal mol Ϫ1 ). The structure of the oligomerization domain of the rabies virus phosphoprotein is very different from those of VSV and Sendai virus (Fig. 3) . The VSV monomer consists of an ␣-helix preceded and followed by a two-stranded ␤-sheet. In the dimer (Fig. 3B) , the two helices interact mainly through a hydrophobic cluster at their N-terminal ends. At both sides of the helices, the N-terminal sheet of one subunit forms a four-stranded sheet with the C-terminal sheet of the other subunit, stabilizing the dimer further by adding main chain hydrogen bonds. There are additional hydrophobic interactions between the two helices and the sheets (6) . The crystal packing of the VSV dimerization domain suggests how higher-order oligomers might be formed, but this is not obvious from the packing of the rabies virus domain. The Sendai domain (Fig. 3C) forms a tetrameric coil that is stabilized by four times three N-terminal helices forming a small hydrophobic core (21) . The largest functional difference between the three oligomerization domains is that in the rabies virus P dimer the N-terminal end that is linked to the N 0 binding domain is positioned next to the C-terminal end that is linked to the N-RNA binding domain, whereas in both the VSV and the Sendai virus structures the N-and C-terminal ends are at opposite ends of the oligomerization domain. However, this difference may not have biological consequences because for all three phosphoproteins the N 0 and the N-RNA binding domains are connected to the oligomerization domain by extensive disordered regions (10) .
There is no sequence similarity between the three oligomerization domains, but sometimes structural conservation can be recognized between proteins with different sequences, as was the case for the N-RNA binding domains of the rabies virus and VSV phosphoproteins (15, 19) . In contrast, there is no structural conservation of the oligomerization domains. Similarly, the structures of the N-RNA binding domains of rabies virus and VSV P are very different from those of measles and Sendai virus (3, 11) . For these phosphoproteins it seems that their modular organization consisting of three functional domains separated by two disordered regions is conserved rather than the structure of the functional domains.
The coordinates have been deposited in the RCSB PDB as PDB ID code 3L32.
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